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Abstract. Previous studies have shown that organic amendments used in paddy rice 
cultivation strongly enhance methane emission from rice fields. Because of the increased 
availability of mineral fertilizer and the labor-intensive nature of many organic amendments, 
it is likely that the use of organic amendments in rice farming has decreased in recent years. 
If so, a significant decrease in CH4 emissions from rice fields could be the result, but 
quantificat!on is difficult because data on organic amendments are scarce. In this paper data 
on green manure application in China are used to quantify the impact of changes in an 
organic amendment on CH4 emission. The trend in CH4 emissions over time, taking green 
manure application explicitly into account, suggests that CH4 emissions from Chinese rice 
fields from the1970s to the early 1980s may have been considerably higher than at present. 
The results presented here and in a previous study [Denier van der Gon, 1999] indicate tt}at 
changes in agricultural management and technology need to be considered in assessments of 
the CH4 source strength of wetland rice fields and their role in the global CH4 budget of the 
past, present, and future. 
1. Introduction 
Methane (CH_0 has been recognized as one of the principal 
greenhouse gases, second only to CO:. and rice fields have 
been identified as an important source of methane [Cicerone 
and Oreroland, 1988]. Rice is one of the world's most 
important food crops. From 1951 to 1990 the harvested area of 
rice increased from 104 to 146 million ha and rough rice 
production increased from 171 to 519 million tons 
[International Rice research Institute (IRRI), 1995]. Rice- 
growing systems include wetland rice and upland rice. 
Anaerobic conditions, essential for methane production, occur 
in the submerged soils of wetland rice fields. Upland rice 
fields, contributing -14% to total rice production, are never 
flooded for any significant amount of time and therefore not a 
source of CH4 [Neue, 1993]. Among the most important 
variables controlling CH4 emission from rice fields are water 
management, organic amendment, soil type, and rice variety 
[e.g., Schiitz et al., 1989' Yagi and Minami, 1990; Sass et al., 
1990, 1991' Butterbach-Bahl, 1993' Denier van der Gon and 
Neue, 1995' Denier van der Gon, 1996; Wassmann et al., 
1996]. However, little attention has been given to changes in 
rice agriculture over time and their impact on the CH 4 source 
strength of rice fields. 
Changes in rice agriculture since the 1960s have been 
dramatic, rice being one of the major Green Revolution crops. 
The Green Revolution cannot be characterized as a single 
period of replacement of traditional cultivars with high- 
yielding varieties but involved sequential adoption of a steady 
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stream of increasingly more desirable varieties [Stone, 1990]. 
Furthermore, availability of high-yielding varieties alone is 
not enough to ensure a rapid and prolonged growth in yields. 
Rapid and prolonged growth in rice yields in developing 
countries in Asia required (1) improved water control, (2) 
abundant supplies of fertilizer, and (3) high-yielding seed 
varieties responsive to these inp'uts [Stone, 1990]. In countries 
or regions where these conditions are met, rice production 
increased strongly despite little •ncrease in cultivated areh 
[IRRI, 1995; Food and Agricultural Organization of the 
United Nations (FAO), 1998], and varietal turnover was high, 
as often as every 2-3 years, in the most sophisticated growing 
regions [Stone, 1990]. In a previous paper, Denier van der 
Gon [1999] attempted to quantity the potential impact on CH4 
emissions from rice fields in the 1960s-1990s period for two 
of the key elements supporting the Green Revolution; the 
adoption of modem rice varieties and improved water control. 
The third element essential to the rapid growth in rice yields, 
abundant supplies of fertilizer, may also significantly 
influence CH4 emissions from rice fields. First, higher 
fertilizer inputs could lead to higher biomass production. 
Under otherwise similar conditions, higher biomass in rice 
fields is associated with higher CH4 emissions [Huang et al., 
1997]. Second, and probably more important, strongly 
increased fertilizer availability is associated with a decline in 
the use of organic amendments in rice agriculture which 
would tend to depress CH4 emissions. 
Addition of organic matter such as animal manure, rice 
straw, or green manure to a wetland rice field strongly 
enhances CH4 emissions [Schfitz et al., 1989; Yagi and 
Minami, 1990; Sass et al. 1991; Cicerone et al., 1992; 
Wassmann et al., 1993b; Denier van der Gon and Neue, 
1995; Wassmann et al, 1996]. The magnitude of the CH4 
fluxes induced by organic amendments varies widely across 
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locations. However, once the interlocation variability caused 
by differences in climate, soil type, etc. is eliminated, the 
fractional increase in CH4 emission with organic matter added 
at different locations of the world can be described by a dose- 
response curve [Denier van der Gon and Neue, 1995]. The 
positive relationship between organic inputs and CH4 
emissions implies that if organic amendments are widely 
used, a strong decrease in this practice over time may cause a 
globally significant decrease in the CH4 emission from rice 
fields. Unfortunately, there are no annual statistical data on 
the use of organic amendments in (rice) agriculture. In this 
paper, I use one of the few available statistics related to the 
use of organic amendments, area planted to green manure in 
China to estimate and illustrate the potential impact of 
changes in organic manure application on CH4 emission from 
wetland rice fields. 
2. Methodology 
2.1. Use of Organic Amendments in Rice Farming 
It is generally assumed that both the relative importance 
and the absolute amounts of organic manure used in rice 
agriculture have decreased in recent years. Simultaneously, 
mineral fertilizer has become widely available, is widely 
promoted, and takes over the supply of N, P, K from organic 
manures. As with other technological and economical 
developments, the picture is not uniform across Asia, and 
generalization is difficult. For example, the amount of organic 
manure applied in Chinese rice agriculture has doubled 
between 1952 and the early 1980s [Wen, 1984], whereas in 
Japan the use of organic manure declined sharply in that same 
period [Kanazawa, 1984]. The declining relative importance 
of organic amendments in rice agriculture is a certainty and 
can be deduced from the enormous growth in fertilizer 
consumption over the past decades in the major rice growing 
regions (Figure 1). Obviously, fertilizer consumption in rice 
agriculture is lower than the total fertilizer consumption, but, 
given the importance of rice agriculture in the regions 
depicted in Figure 1, it is reasonable to assume the same trend 
for fertilizer consumption in rice agriculture. At the same time 
organic inputs in rice production have, at best, remained 
stable but in many regions decreased. The reasons for this 
decrease vary. In some areas, the use of farmyard manure 
(FYM) has declined substantially due to competing uses, 
particularly for cooking fuel [Mann and GarriO', 1994]. Crop 
residues, straw, and green manures, previously used as 
organic amendments, may now be used for animal fodder. 
Furthermore, green manure crops grown separately do not fit 
well in intensive cropping systems due to the limited 
cultivated land area available, critical timing of other crops, 
and labor competition [Mann and Garrity, 1994]. Another 
disadvantage is the difficulty in estimating the amount of 
nutrients supplied by organic amendments as their 
composition may vary from year to year. Furthermore, use of 
organic amendments is labor intensive; burning rice straw is 
easier than incorporating it, and composting involves 
transportation and several preparatory steps. In quickly 
developing economies, where the rural area is close to 
industrial areas like in Southeast China, labor costs are rising, 
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Figure 1. Quantity of nitrogenous fertilizer in metric tons of 
nitrogen consumed in agriculture by China, India, and the Far 
East developing countries, excluding China and India 
(Bangladesh, Bhutan, Brunei, Cambodia, Hong Kong, East 
Timor, Indonesia, Korea Democratic Peoples Republic, Korea 
Republic, Laos, Macau, Malaysia, Maidives, Mongolia, 
Myanmar, Nepal, Pakistan, Philippines, Singapore, Sri Lanka, 
Thailand and Vietnam) [FAO, 1998]. 
and farmers may obtain a much higher income by working 
part-time in industry. As a result, farmers try to minimize the 
time spent on agricultural activities causing a decrease in the 
use of organic amendments. Such trends have been well 
documented for Japan; as the Japanese conomy shifted from 
rural to urban, the cultivation of green manures decreased 
sharply from - 2 x l0 s ha in 1950 to about zero in 1'975 
[Watanabe, 1984; Kana•:awa, 1984]. 
At least five types of organic amendments are applied to 
rice fields. For each type of amendment, one or two 
references describing the increased CH4 emission upon 
application of that specific amendment o a rice field are 
given in brackets: (1) FYM and animal manure, for example, 
pigs, cows, poultry [Wassmann et al., 1993b]; (2) straw or 
other crop residues that are plowed in before the rice is sown 
or transplanted [Sass et al., 1991; Wassmann et al., 1996]; (3) 
compost and fermented residues, for example, l¾om biogas 
pits [Yagi and Minami, 1990; Wassmann et al., 1993b]; (4) 
agricultural wastes such as rape seed cake, agri-industry 
wastes, municipal wastes [Wassmann et al., 1993a]; and (5) 
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Figure 2. Harvested area of rice [IRRI, 1995] and planted 
area of green manure (GM) in China 1960-1992 [State 
Statistical Bureau, 1980-1991' Stone, 1990]. 
Green manure; plants grown specifically to fix nitrogen, 
incorporated into the soil before or during the rice-growing 
season, for example, Sesbania, Azolla, various vetches 
[Denier van der Gon and Neue, 1995; Wassmann et al., 
1993b]. 
Although each of the above mentioned organic 
amendments has its specific characteristics, the third category 
(compost and fermented residues) stands out because CH4 
emissions are much lower per ton of material applied [Denier 
van der Gon and Neue 1995]. The increase in CH4 emission 
upon application of the other amendments appears to be 
roughly in the same order of magnitude when expressed per 
ton of carbon applied. 
2.2. Application of Organic Amendments in China 
China has by far the world's most sophisticated and wide 
spread use of organic manures. As early as 300 B.C., Chinese 
historical records describe the plowing in of weeds and 
processed animal bones as fertilizer [Wen, 1984]. The total 
use of organic amendments in China in the 1980s is estimated 
at 25-30 million tons of nutrients annually or around 10 tons 
of materials per cultivated ha. [Stone, 1990]. Green manure, 
usually a leguminous crop grown in the fallow period, is one 
of the organic amendments commonly used by Chinese rice 
farmers. After incorporation into the soil, legumes add N and 
increase the soil organic matter content [Mann and GarriO', 
1994]. Since green manure is grown as a crop, it is included 
in the Chinese agricultural statistics and, unlike many other 
organic amendments, trends in its application in rice farming 
can be studied. The harvested area of rice and green manure 
for China is shown in Figure 2. It is important to realize that 
green manure is not the major organic amendment in Chinese 
rice farming. Even at its height in application in the mid- 
1970s (Figure 2), it probably did not account for more than 
20-50% of the total organic amendments applied in Chinese 
rice agriculture. However, it is the only organic amendment 
for which good spatial and temporal data are available. This is 
the sole reason why this paper focuses on green manure 
application. From 1979-f992, statistics of area planted to 
green manure were available at the province level [China 
Agriculture Yearbook, 1980-1991]. The definition of green 
manure in Chinese statistics includes Chinese milk vetch, 
safflower grass, Chinese trumpet creeper, fragrant 
thoroughwort, wild soybean, and other miscellaneous 
vegetable matter used for manure. Legume and rape seed 
areas planted specifically for use as green manure are also 
included in the statistics. For the 1961-1979 period, areas 
planted to green manure at the national level were derived 
from Stone [1990]. The use of green manure crops is not 
uniform across China because they do not always fit into the 
cropping system and/or climatic conditions. Green manure is 
mainly grown in East China (Zhejiang, Jiangsu, and Anhui 
province) and Central China (Hubei, Hunan, and Jiangxi 
province) (Figure 3). The trends for green manure cropping 
are shown by region instead of individual provinces because 
the trends for provinces within a region are similar (data not 
shown). In north, northwest, and northeast China, green 
manures are of minor importance. Chinese green manure 
crops have suffered substantial losses during the 1980s as a 
result of greater individual control over cropping decisions, 
closer links between farm production value, and farmer 
Area planted togreen manure (10 sha) 
1978 1980 1982 1984 1986 1988 1990 1992 
Year 
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Figure 3. Harvested area of green manure by rice-growing 
region in China from 1979 to 1992 [State Statistical Bureau, 
1980-1991]. 
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income as a result of the adoption of the household 
responsibility system in China [Stone, 1990]. 
2.3. Empirical Approach to Quantify the Impact of Green 
Manure Use on CH4 Emission 
Most winter green manure in China is used for rice and 
applied at a rate of 15-30 t ha -• [Wen, 1984]. This implies that 
the green manure is mainly used in the first rice crop of a 
double rice cropping system (the "Early Rice" crop) or in a 
single rice-cropping system ("Single Rice" crop or "Northern 
Rice" crop, depending on the geographical ocation), never in 
the "Late Rice" crop. Field experiments in China (Figure 4, 
solid black circle) and the Philippines (Figure 4, solid black 
squares) have shown that incorporation of green manure 
strongly enhances CH4 emission from rice fields. The 
relationship depicted in Figure 4 can only be used to predict 
the fractional (or relative) increase of CH4 emission upon 
green manure application but not the absolute CH4 emission 
level. Therefore absolute emission levels for Chinese rice 
fields in 1988 are derived from Bachelet et al. [1995] who 
estimated CH4 emissions from Chinese rice fields by province 
using three different techniques. Since it is at present not 
possible to judge which method is most realistic, the average 
value of the three methods is used. The average CH4 emission 
calculated for China was 11.09 _+ 4.64 Tg CH4-C yr -• (Table 
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Figure 4. Relative impact of organic matter incorporation on 
CH4 emission from rice fields based on field experiments with 
green manure in the Philippines (solid black squares) [Denlet 
van der Gon and Neue, 1995], green manure in China (solid 
black circle) [Wassmann eta!., 1993b], and various other 
organic amendments in Japan, China, United States, and Italy 
(grey diamonds) (modified from Denlet van der Gon and 
Neue [ 1995]). 
1). Since the data of Bachelet et al. [1995] are broken down 
by province, the average CH 4 emission per unit area of rice 
field in kg CH4-C ha -• season -• for each province can be 
calculated (Table 1). Next, the impact of green manure 
application on CH 4 emissions from rice fields can be 
estimated. To do this, I assume all green manure to be grown 
before, and used in, the first rice crop, at an application rate of 
15 t ha -•. The CH4 emission, CH4 x¾ NR, for Province X in year 
Y, in the regions having only a Northern Rice crop, which is 
therefore also the first rice crop, is now calculated from 
CH4 x¾ NR = [(A•vR_xr- AGs•_xr) Ex_•vR] 
+ (AGs•_xr Ex_•v• GMI) (1) 
Where AN•_xr is the harvested area of Northern Rice for 
province X in year Y [IRRI, 1995], Ac•xr is the harvested 
area green manure for province X in year Y [China 
Agricultural Yearbook, 1980-1991; Stone, 1990], Ex_•ve is the 
average CH4 emission from rice in province X in 1988 during 
the Northern Rice crop (kg CH4-C ha -•, Table 1), and GMI is 
the green manure impact factor, derived from Figure 4. For 
the remaining regions, east, central, south, and southwest 
(Table 1), I assume green manure is preferably used in the 
early rice crop and otherwise in the Single Rice crop but never 
in the Late Rice crop (which is always the second rice crop of 
that year). 
If the green manure area is smaller than the Early Rice 
area, than 
CH4_xr = (As,•_xr - Ac,,•4_xr) Ex?• + A•u_xr Ex_s,• GMI 
+ AsR_xr Ex_s,• + Am•_xr Ex_oz,• (2) 
or else' 
CH4_xr = As•_xr Ex?• GMI + (Ao•xr- AsR_xr) Ex_s,• GMI 
+ [As•_xr-(Ao•xr- As,•_xr)] Ex_s• + Aoz.•_xr Ex_m,• (3) 
where A•,•. or• s• _XY is the harvested area of Early Rice, 
Double Late Rice, or Single Rice, respectively for province X 
in year Y [IRRI, 1995], Ex?,• mR s• is the average CH4 
emission from rice for province X in 1988 during the Early 
Rice, Double Late Rice, or Single Rice, respectively (kg CH4- 
C ha -• Table 1). The calculated increase in CH4 emission 
upon application of green manure was based on an empirical 
relationship between CH4 emissions from organic amended 
fields compared to mineral fertilized fields (Figure 4). 
According toFigure 4, application of 15 t ha -• green manure 
would increase CH4 emission by a factor of- 4 compared to a 
field amended with mineral fertilizer only, under otherwise 
comparable conditions. Therefore a GMI of 4 was used in (1), 
(2), and (3). 
CH4 emission for the period 1961-1992, without a green 
manure impact, can be estimated by multiplying harvested 
rice area from Chinese provincial statistics [IRRI, 1995] with 
the 1988 provincial CH4 emission (kg CH4-C ha -• Table 1). 
By varying Y from 1961-1992 in (1), (2), and (3), the CH4 
emission from rice fields including the use of green manure 
can be calculated for this period. It should be noted that in the 
calculations with (2) and (3), the same value Ex (derived from 
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Table 1) was used for Ex_ER, Ex_sR and Ex_Dzx. However, the 
notations Ex_E•, Ex_s• and Ex_D• were maintained to show that 
when good data for Ex_z•, Ex_s• and/or Ex_mR become 
available they can and should be used. The management of 
the different rice crops may be very different which could 
substantially influence their characteristic emissions, for 
example, use of green manure in the Early Rice crop not in 
the Late Rice crop. Aggregation of the rice crops could thus 
lead to a loss of information, which may be valuable in a later 
stage. 
least partly, balance each other. Next to this, the selection of 
the correct GMI is somewhat arbitrary. A GMI of 4 for a 15 t 
ha -• green manure amendment was derived from Figure 4. 
However, the experimental data points in Figure 4 indicate 
that some variation around this value is realistic. To visualize 
this, including small errors in application rate or area 
receiving green manure, calculations were also done for a 
GMI of 3 and 5 (black dotted lines, Figure 6). This also shows 
the sensitivity of estimated CH4 emissions to the assumptions 
made. 
3. Results and Discussion 
The resulting calculated provincial emissions in 1961-1992 
are illustrated with the results for 2 years, 1979 and 1989 
(Figure 5). For each year in the 1961-1992 period, the 
provincial values can be aggregated to give national Chinese 
CH4 emission from rice fields with or without including the 
use of green manure (Figure 6). The estimated CH4 emissions 
from 1960 - 1990s without green manure application are 
based on harvested area (Figure 2) and the 1988 CH4 
emissions (Table 1) only, neglecting all other changes that 
took place. This is a crude simplification because, for 
example, the different cultivars used and/or rice management 
changes in the 1960-1990 period probably had a significant 
impact on CH4 emission. However, at present, the statistical 
data and/or mechanistic insight are lacking to properly 
integrate developments other than harvested area changes into 
a temporal analysis of CH4 emission. Changes in green 
manure application strongly affected CH 4 emissions from 
Chinese rice fields, both in time and space (Figure 5 and 
Figure 6) 
3.1. Uncertainties in the Calculated CH 4 Emissions 
The shaded area in Figure 6 indicates the uncertainty 
surrounding the calculated CH4 emission from rice fields 
without green manure application and is based on the 
variation in emissions when calculated with different methods 
as was done by Bachelet et al. [1995]. Since the emission 
from rice fields including green manure use is based on the 
emission from nonamended fields, the same uncertainty 
surrounds these emissions: If the baseline CH4 emission 
becomes higher (or lower), the emission from amended fields 
also becomes proportionally higher (or lower). This 
uncertainty is not shown in Figure 6. Other sources of 
uncertainty in estimating the impact of green manure use on 
CH4 emission from rice fields are (1) the application rate, (2) 
the application area, and (3) the value of GMI. The 
application rate assumed here (15 t ha -•) is the lower end of 
the range given by Wen [1984] and seems a conservative 
estimate. Higher application rates would cause higher 
emissions because of a higher GMI. Furthermore, if the 
production ofgreen manure is higher than 15 t ha -• it is also 
possible that part of the green manure is used elsewhere 
which would imply a larger application area. However, I 
assumed all green manure to be used in rice farming which 
may be an over estimation but obviously never an 
underestimation. The overestimation of application area and 
the use of a conservative estimate of application rate may, at 
3.2. Comparison With Earlier Published Results 
A GMI of 4 for a 15 t ha -• green manure amendment is 
supported by the experimental results of Wassmann et al. 
[1993b] who found CH4 emissions to increase 4.6 times upon 
addition of 15 t ha -• green manure to the early rice crop in 
Tao-Yuan, Hunan province, China. I used a factor of 4 
derived from Figure 4 instead of 4.6 derived from Wassmann 
et al. [1993b] because it is based on more experiments at 
various locations, making it more robust. Moreover, the 1988 
"baseline" CH 4 emissions for rice fields without green manure 
application (Table 1) are for mineral fertilized rice fields with 
a moderate use of organic additions (250 kg C ha -l) [Bachelet 
et al., 1995] whereas Wassmann et al. [1993b] do not apply 
any organic amendment o their mineral fertilized plot. The 
moderate organic input of 250 kg C ha -• included in the 
calculated CH 4 emissions for rice without green manure 
amendment does not lead to a double counting of carbon 
inputs when CH4 emissions are recalculated with special 
attention for green manure application. In Chinese rice 
agriculture, there are many organic amendments other than 
green manure that easily account for this moderate organic 
input. For example, Wen [1984•1 estimated the average use in 
Chinese rice agriculture ofrice straw at 3.3 t ha -• and the sum 
of pig, cattle and human wastes at - 5 t ha -•. This is close to 
the -10 t ha -• reported by Stone [1990]. Yuan [1984] 
estimated the amount of animal and human wastes that could 
be collected inrice areas at an average of 17.6 t ha -• 
Kern et al. [1997] found that a 50% reduction in 
organic fertilizer inputs would result in a 3% decrease in CH 4 
emissions from Chinese rice fields. This is in sharp contrast 
with estimates presented in this paper. A 50% reduction in the 
use of green manure as occurred between 1975 and 1985 
caused an estimated reduction of- 25% in CH 4 emission. 
Baring in mind that green manure is only part of the organic 
amendments used in Chinese rice agriculture, a 50% 
reduction in all organic amendments, as suggested by Kern et 
al. [1997], would even cause larger reductions. Kern et al. 
[1997] excluded, for various reasons, the majority of field 
measurements of CH 4 emission in China from their final 
regression analysis. They considered two locations only, and 
because of the experimental design, impact of flooding 
regime, N input and C input could not be separated in their 
regression analysis. The model used by Kern et al. [1997] to 
predict CH 4 emission may be valid within its domain but 
seems to underestimate the importance of organic inputs 
when used for extrapolation. In field experiments, much 
higher reductions in CH4 emissions than the 3% of Kern et al. 
[1997] are found when a treatment is compared to the same 
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Figure 5. CH4 emission from rice by province in China with and without including reen manure application 
for (a) 1979 and (b). 1989. 
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Figure 6. CH4 emission from rice fields from 1960 to 1992 
without GM application (shaded gray area indicates 
uncertainty band) and including GM application (black dotted 
lines represent calculations assuming a green manure impact 
factor (GMI) of 3 or 5). 
treatment but with a 50% reduced organic input [e.g., Schiitz 
et al., 1989; Sass et al., 1991; Denier van der Gon and Nette, 
1995]. 
In recent decades, the relative contribution of agricultural 
CH4 emissions to the total Chinese CU 4 emissions decreased, 
mainly due to a sharp increase in energy related CH4 sources 
[Khalil et al., 1993]. Khalil et al. [1993] also concluded that 
absolute CH4 emissions from rice fields in China had 
decreased. In their approach, CH4. emission was directly 
proportional to harvested area, and therefore their calculated 
CH 4 emission from rice fields decreased by -10% following a 
decrease in harvested area from 1976 (36 x 10 6 ha) to 1988 
(32 x l0 p ha) back to the 1970 level. However, when looking 
at the full period 1960-1990 it seems more appropriate to 
refer to an elevated harvested area (Figure 2) around 1976 
than a structural decrease from 1976-1988. More interesting, 
Khalil et al. [1993] also investigated the potential effect of 
increasing use of N fertilizers. They estimated the N-fertilizer 
consumption in Chinese rice agriculture and divided it by 200 
kg ha -• (the assumed application rate) to derive the estimated 
hectares of rice agriculture receiving N-fertilizer. Khalil et al. 
[1993] assumed that (1) a rice field receiving 200 kg ha -• N- 
fertilizer did not receive organic fertilizer and (2) that CH4 
emissions from a N-fertilized rice field were 0.6 times that of 
an organic fertilized rice field. Since N-fertilizer consumption 
increased rapidly (Figure 1), the result was a strong 
(hypothetical) decline of CH 4 emissions from rice fields 
between 1976 and 1988 at a rate of-3% yr -•. Khalil et al. 
[1993] pointed out that these calculations were designed to 
show the possible dramatic effect of changes in fertilizer use, 
but that the high uncertainties and lack of accuracy of the 
available data did not allow any definitive conclusions. To 
this argument can be added that there are no apparent reasons 
why a field fertilized with mineral fertilizer should not also 
receive organic fertilizer. The strong increase in N-fertilizer 
consumption was aimed at yield increases, not at replacing 
organic fertilizer (Figure 7). Nevertheless, the declining use of 
green manure in Chinese rice agriculture and the resulting 
decline in CH 4 emissions (Figure 6) indicates that changes in 
fertilizer practice over the past decades did significantly 
influence CH 4 emissions. Because there are no statistical 
records of organic amendments other than green manure, the 
question remains whether it is possible to draw conclusions 
about the use of other organic amendments than green 
manure. Green manure cultivation on cropland plummeted in 
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Figure 7. Rice yield as a function of N-fertilizer consumption for China (data from FAO [1998]). 
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China as many farmers started using their time in winter more 
profitably [Stone, 1990]. It seems reasonable to assume that 
the use of other labor-intensive organic amendments also 
declined substantially for the same reason. The increasing N- 
fertilizer consumption has lead to higher yields (Figure 7) due 
to higher total nutrient inputs. Replacement of organic 
amendments by fertilizer on an equal nutrient basis would 
have resulted in periods of stable rice yields with increasing 
fertilizer consumption, which is not the case (Figure 7). 
Directly and proportionally coupling of fertilizer consumption 
to declining use of organic amendment overestimates this 
decline. On the other hand, the documented decline in green 
manure application from 1976 onward (Figure 2) must have 
resulted in less nutrient inputs from organic amendments 
which appears to be compensated by increased fertilizer 
consumption because the yield increase continues. A small 
effect of declining organic inputs can possibly be seen 
between 1975 and 1983, when the rice yield response to 
increasing N-fertilizer consumption drops below the curve 
describing the long-term trend (Figure 7). However, China is 
a complex country, and socioeconomic changes in the 1975- 
1983 period may also play a role. In general, the rate of N- 
fertilizer consumption increase in China is so high since the 
late 1970s that use of organic amendments other than green 
manure may have declined without significantly affecting rice 
yields because the total nutrient input was more than 
compensated by increased fertilizer use. 
4. Conclusions 
Strongly reduced use of organic amendments in rice 
agriculture strongly reduces CH 4 from rice fields and is often 
suggested as a mitigation option. However, organic sources 
enhance soil organic matter levels and provide a (usually 
balanced) supply of nutrients. The availability of balanced 
nutrients at appropriate levels is crucial to realizing the full 
potential of modem rice cultivars. In a 60-year long-term field 
experiment in Japan, the yields in the organic fertilizer plot 
were clearly lower in the first 10 years then reached the same 
level and eventually, after 30 years, became higher than the 
yields from the inorganic fertilizer plot [Suzuki et al., 1990]. 
These findings are confirmed by other long-term experiments 
on the effects of organic matter on rice yield [International 
Rice Research Institute, 1984]. So to sustain soil fertility and 
increase rice yields, moderate organic amendments are 
probably essential. If so, higher CH4 emissions, compared to 
emissions from a hypothetical future rice agriculture using 
mineral fertilizer only, have to be accepted. Nevertheless, 
determination of what levels are necessary to secure the 
beneficial effects of organic inputs and the use of composted 
or fermented organic amendments instead of fresh organic 
materials leaves options for emission reduction 
Methane emissions from Chinese rice fields from 
the1970s to the early 1980s may have been 1.5-2 times higher 
than at present. This is true even though the absolute CH4 
source strength of rice fields is still under debate because the 
calculated trend in CH4 emission from Chinese rice fields due 
to declining green manure use is independent of the absolute 
emission level. Yet, the absolute emission levels for China 
used in this paper may well be realistic. The average emission 
of- 11 Tg CH4-C yr -• calculated from Bachelet t al. [1995] is 
in good agreement with most other recent estimates of CH4 
emission from China, for example; 9.9 + 3 Tg yr -• [Kern et 
al., 1997] and 9.6-12.7 Tg yr -• [Lin and Li, 1998]. Thus it is 
conceivable that CH4 emissions from Chinese rice fields have 
decreased some 5-10 Tg yr -• since the 1970s. Changes ofthis 
magnitude in the source strength of any CH4 source are 
relevant for the global CH 4 budget since the mean increase of 
atmospheric methane is-20 Tg yr -• [Lelieveld et al., 1998]. 
Changes in rice agricultural management and rice technology 
have to be analyzed and assessed if we are to understand the 
role of wetland rice in the global CH4 budget of the past, 
present, and future. If this is not done properly, the high 
uncertainties surrounding the global source strength of rice 
fields will remain. 
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